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Description 
TECHNICAL FIELD 


[0001] The present invention generally relates to navigation systems and, more particularly, to satellite navigation 
systems operating in environments prone to jamming and interference. 


BACKGROUND 


[0002] Inrecentyears, users of global positioning systems (GPS) have enjoyed real-time three-dimensional navigation 
capabilities at previously-unavailable performance levels. Except for their susceptibility to interference and jamming, 
such GPS systems have largely fulfilled the promise of accurate, worldwide satellite navigation. Nevertheless, users 
continue to demand increasingly high navigation performance, particularly with respect to accuracy and integrity - i.e., 
the ability of a navigation system to detect false navigation information. 

[0003] Unfortunately, the presence of jamming and/or interference has prevented full reliance on GPS as means of 
navigation, especially in certain military or safety-of-life applications. In civil aviation, safety risk due to jamming is 
generally not an issue. Various contingency procedures have been developed to safely return aircraft to the ground at 
alternate airfields. However, a dependence on GPS as currently structured could result in a risk of large-scale disruption 
to air traffic and, therefore, commerce in general. Furthermore, the increasing extent to which GPS is embedded in day- 
to-day infrastructure, such as ground and marine transportation, and the timing of electrical power distribution, the 
Internet, cellular telephones, and financial transactions, serves to increase potential societal vulnerabilities due to in- 
tentional disruption of the GPS signal from jamming. 

[0004] Because a GPS signalis relatively weak (a user receives roughly -160 dBW at the terminals of an omnidirectional 
antenna), it takes very little jamming to bring down navigational capability. A low-cost 5W jammer, for example, is 
sufficient to disrupt GPS use at a radius of several tens of miles — especially if there is line-of-sight contact with the 
user. Such sensitivity tends to work against the practicality of satellite navigation and, conversely, in favor of traditional 
higher-power navigation aids used for aviation, some of which predate GPS, including VOR, DME, ILS, TACAN, and 
LORAN-C. 

[0005] Currently, aircraft can only use GPS for supplemental-means navigation. Traditional navigation aids are suffi- 
cient for ordinary operations and have power levels that are sufficient to resist jammers who might be tempted to disrupt 
commerce. Therefore, because of the signal vulnerability of GPS, there is little incentive to take advantage of the 
significant performance and cost advantages of satellite navigation. The FAA's Wide Area Augmentation System (WAAS) 
and Local Area Augmentation System (LAAS) offer the potential to bring low-cost aircraft landing capability to thousands 
of airports nationwide where it was never available before. Today, the United States is paying for two civil safety-of-life 
navigation systems: the traditional ground-based system, and the newer, more capable satellite-based system. 
[0006] A number of prior art techniques are available to combat jamming. These methods focus on (i) specialized 
satellite design and (ii) receiver design. In the satellite, for example, it is always possible to simply increase the raw 
power broadcast to the ground. However, there is a price for raw power: each Watt of extra power scales up the satellite 
payload and launch costs accordingly, such that significant increases in broadcast power quickly become expensive. 
Another approach is to use wider bandwidth broadcasts that can enable additional processing gain. Here, too, there is 
a price to pay: efficient use of finite spectrum for multiple purposes requires significant global coordination. GPS has 
specific broadcast spectrum assigned to it, and it is unlikely that any new spectrum will be assigned any time in the 
foreseeable future. 

[0007] Receiver approaches to the problem of jamming are generally divided into three categories: (i) antenna pattern 
shaping, (ii) signal excision, and (iii) averaging. Antenna pattern shaping uses adaptive multi-element arrays of antennas 
called a Controlled Radiation Pattern Antenna (CRPA) to electronically point a beam directly at a satellite and, therefore, 
exclude a jammer. A CRPA can also point a null at an estimated jammer direction. CRPAs can be quite effective in most 
circumstances, although they are generally expensive and bulky. They also have a drawback of becoming less effective 
when a jammer line-of-sight happens to be nearly coincident with a satellite or, worse yet, when several distributed 
jammers are used. In this case, the laws of physics place mathematical constraints on the number and quality of beams 
and nulls that can be applied to a set of jammers for a given CRPA design. 

[0008] Excision refers to wide-band, pre-correlation signal processing carried out in a GPS receiver. Because the 
signal characteristics of GPS are well-known, any excess power due to jamming is directly observable by the receiver 
in real time and can be excised via notch filters, pulse blanking, or any number of other more elaborate techniques. 
Excision is an effective and inexpensive signal processing step and should generally be carried out as a matter of good 
practice. However, it is insufficient in and of itself to eliminate all the effects of interference or jamming. For example, if 
a jammer is broadband noise, the receiver would detect the presence of jamming, but would be unable to apply excision 
to selectively remove any part of it without a priori knowledge of its character. Current signal processing techniques 
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known as Space Time Adaptive Processing (STAP) and Space Frequency Adaptive Processing (SFAP) combine the 
CRPA and excision into one processing stage. 

[0009] Averaging techniques aim to filter out as much jamming as possible during the pre-detection interval (PDI) of 
the receiver. The most basic form of averaging is the processing gain provided by the ratio of the pre-correlation bandwidth 
(20.46 MHz) to the pre-detection bandwidth of the receiver (typically 50 Hz). For a P(Y) code receiver, averaging provides 
a basic level of 56 dB of jamming immunity, and here only for very low dynamics. Attempts to improve upon this level 
of protection have traditionally encountered several barriers to practical implementation. The first barrier comes from 
the 50 bps data modulation superimposed on the GPS carrier. This modulation effectively limits the PDI to 20 ms. 
[0010] Data stripping is one method used to try to get around the 20 ms PDI limitation. Since the GPS broadcast 
message changes infrequently or in a predictable way, it is often possible to apply pre-recorded frames to remove most 
of the data modulation. Unfortunately, for military or safety-of-life applications, the method cannot always be counted 
on because the pre-recorded data message does not always track the actual broadcast message. Consistency between 
the two data streams can be thrown off by any number of factors, including new ephemeris uploads, operational errors, 
and system failures. Any inconsistency does not contribute to graceful degradation. A key improvement to the data 
stripping approach teaches how Low Earth Orbiting (LEO) satellites can provide a global feed forward of the GPS data 
bits so as to eliminate any gaps in operation. See, e.g., U.S. Patent Application Serial No. 10/873,581, entitled "Real 
Time Data Aiding for Enhanced GPS Performance," filed June 22, 2004. 

[0011] Unfortunately, regardless of whether data is removed from the GPS carrier, significant obstacles remain in 
attempting to narrow the pre-detection bandwidth or making use of low signal level measurements. GPS signals are 
made up of multiple components, including a PRN code modulation and a carrier frequency. In the absence of interference 
or jamming, receivers typically track both the code and the carrier. In the event of jamming, most military receivers drop 
out of carrier track and revert to a form of code-only tracking, wherein the raw 20 ms pre-detection samples are multiplied 
together using variations of a dot-product discriminator. The dot product discriminator is generally considered to be 
among the most effective of the squaring-type discriminators. These samples are averaged together over an extended 
interval — sometimes several tens of seconds — to resolve a code tracking error. The commonly-applied benefit of dot- 
product-type code tracking is that it has somewhat higher jam resistance than carrier tracking alone. The idea is to use 
an Inertial Navigation System (INS) to subtract out user dynamics, thereby permitting the noisy post-detection samples 
to be averaged over a long interval. The most integrated version of code-based anti-jam tracking is called "Ultra-Tight 
Coupling" (UTC). 

[0012] Unfortunately, ultra-tightly-coupled inertials have only been effective to a certain level of protection. The physics 
of such systems quickly limits their ability to withstand significant jamming. First, due to squaring losses stemming from 
the discriminator, long integration times are required. The integration time is proportional to the square of J/S. This 
means that for every doubling of jamming power, the required integration interval must quadruple. Second, inertial 
instruments exhibit errors that grow with time. Although some inertial instruments can provide better performance at 
increased cost, there are practical physical limits as to how long an inertial can remove the platform dynamics without 
an update from GPS. This limit is usually set by the time the inertial noise takes to reach a large fraction of a code chip- 
usually about 5 m. For a given quality of inertial, the dependence on GPS code modulation yields a certain jamming 
level at which the ranging error exceeds a threshold during integration and the system is no longer useful. 

[0013] Assuming that the GPS data modulation can be removed from the carrier in a dependable way, coherent 
tracking of the carrier has sometimes been considered but summarily dismissed as an option for increased jam immunity. 
Such an approach has traditionally been seen as impractical because the receiver must integrate the carrier over a 
sustained interval to a stability of less than 30 picoseconds (the amount of time it takes light to traverse 1 cm). The 
challenge is to maintain this required stability over an interval that is much longer than 20 ms. A typical low-cost Tem- 
perature Compensated quartz Crystal Oscillator (TCXO) is the basis for the vast majority of GPS receivers today. The 
part cost generally ranges between $10 and $20. With a TCXO, the pre-detection interval may be safely extended to a 
large fraction of a second. Beyond this, a TCXO is not sufficiently stable. 

[0014] Other more stable exotic clocks such as ovenized quartz or atomic clocks based on rubidium or cesium frequency 
standards are candidates, but even these highly stable clocks have practical issues that do not render them practical. 
For 30 dB of additional GPS jam protection, a user needs to integrate in the neighborhood 20 seconds. At this level, 
even many atomic clocks are not capable of providing the needed stability. Vibration, bulk, and cost can become 
prohibitive. A promising new Chip Scale Atomic Clock (CSOC) approach offers potential to reduce cost, size, weight, 
and power some years from now, but even the most optimistic projections of performance do not achieve sufficient 
frequency stability to yield the required phase stability overthe needed interval. Some Oven-Controlled Crystal Oscillators 
(OCXO) possess the required phase stability over the needed interval. However, an OCXO is typically bulky, expensive, 
and power consuming. A solution depending on such highly stable clocks is not readily accessible without the cost, size, 
weight, and power consumption associated with precise temperature control. Such a solution with high premium on 
component performance sensitivity is a significant technical challenge. Power, vibration, and cost become major obsta- 
cles. Whatis neededis a solution that could provide significantly enhanced performance using a standard, low-cost TCXO. 
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[0015] The Military, Civil, and Commercial sectors each have their own issues and work-arounds to jamming. The 
Military is perhaps best prepared to combat jamming because it is generally less cost constrained and has access to 
more advanced technology. Unfortunately, even relatively low-power jammers are capable of bringing down user equip- 
ment within line of sight of the jammer. In the user equipment, a broad spectrum of anti-jam capabilities are employed, 
often as a combination of techniques, including CRPAs and ultra-tight inertial coupling. The Military also proposes to 
implement a new higher-power M-code signal that is intended to boost signal power by approximately 20 dB. Large- 
aperture spot beam antennas would focus a tighter beam on specific regions of the Earth to concentrate more signal 
power there. However, even if the cost of deploying such a high-power system were not an object, it will still be many 
years before such a system will be available for use. What is needed is a low-cost, immediately-available navigation 
solution. 

[0016] These military solutions, taken in the aggregate, appear to provide reasonable protection against many jamming 
threats predicted in the near future. However, these solutions may also fall short under future jamming scenarios—es- 
pecially as mentioned previously with respect to large numbers of low-power, distributed jammers. Perhaps most im- 
portant, the set of current solutions described above all tend to be expensive. 

[0017] Civil vulnerability is a significant challenge. As mentioned previously, GPS already has means to counteract 
unintentional interference with the addition of the second civil frequency. Because only one frequency is required for 
many operations, if one frequency is down due to unintentional interference, the other stands a high probability of being 
operational. For either unintentional or intentional interference, as a last resort, an aircraft can divertto an alternate airport. 
[0018] The problem of intentional jamming is much worse. Again, the objective is to deny jammers a systematic means 
of disrupting air travel that would interfere with the daily flow of commerce. The commercial nature of civil aviation 
requires that any solution to the problem of intentional jamming be cost-effective. Installing expensive user equipment 
adapted from the Military, such as CRPA antennas, to the civil aircraft fleet has been viewed negatively. So far, the only 
viable solution has been to maintain the existing navigation aids in service, such as VOR, DME, and ILS, which operate 
at higher power. Because satellite solutions such as the WAAS do not provide any additional value to aviation users 
because the existing ground aids are also in operation, there is little incentive for the airlines to transition onto satellite 
navigation. 

[0019] Commercial users also have a stake in a non-jammed signal. In addition to the growing dependence on GPS 
for a variety of commercial functions in society, including timing of the Internet, the power grid, cellular telephone networks, 
and financial transaction timing, there is also a potential regulatory threat to GPS signal strength that could originate 
from Ultra-Wide Band (UWB) technology. While UWB has significant promise, there is a distinct possibility of interference 
if the GPS band is not carefully protected from a regulatory standpoint. Given that regulations can sometimes take time 
to arrive at a satisfactory balance, it would be desirable to have access to an economical technical "safety net" that 
would allow users to protect their investment in critical GPS-based infrastructure during this critical transition to coex- 
istence with UWB devices. 

[0020] In summary, existing systems and methods for providing jam-immunity are unsatisfactory. What is needed is 
a navigation system that provides high accuracy and integrity for navigation in the presence of interference and/or 
jamming, thereby ensuring significant and effective anti-jam protection in the near-term for a wide variety of GPS and 
satellite navigation applications, including military, civil, and commercial. 

[0021] US 5944 770 describes a method of using a low earth orbiting satellite signal to augment a global positioning 
system for finding a location vector between a GPS user receiver and a GPS reference receiver and for resolving carrier 
phase ambiguity of a GPS signal. 

[0022] WO 2005/081011 describes a navigation system that aims to resolve errors due to interference or jamming by 
means of time tags on a provided data stream. 


BRIEF SUMMARY 


[0023] Systems and methods in accordance with the present invention generally employ a network of ground reference 
stations and Low Earth Orbiting (LEO) satellites in conjunction with one or more GPS satellites. A first common-view 
ranging geometry to a GPS satellite is established to link a reference station and a user. A second common-view 
geometry to a LEO satellite between the same reference station and user is also established. The ground stations 
synthesize real-time aiding signals by making carrier phase measurements of the GPS and LEO satellite signals. This 
aiding information is transmitted via the LEO satellites to the user receiver at high power to penetrate ambient jamming. 
The user receiver locks onto the carrier phase of the LEO satellite, demodulates the aiding information, then applies 
the carrier phase measurements and the aiding information to enable extended coherent measurements of the GPS 
signals. The system thereby recovers the GPS signals that would otherwise be lost to the jamming. In this way, the 
present invention provides significant improvements in jam-immunity at a cost, size, weight, and power comparable to 
that of an ordinary GPS receiver. 

[0024] Inaccordance with an aspect of the present invention there is provided a system according to the accompanying 
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claims. A navigation system includes: a reference receiver; a user receiver; a global positioning system (GPS) satellite 
in common view of the reference receiver and the user receiver, wherein said reference receiver and said user receiver 
receive a carrier ranging signal from the GPS satellite; a first low earth orbit (LEO) satellite in common view of the 
reference receiver and the user receiver, wherein the reference receiver and the user receiver are configured to calculate 
respective first and second measurements of a LEO carrier ranging signal from the first LEO satellite; the user receiver 
configured to receive, via the LEO satellite, the first measurement from the reference receiver and apply the first and 
second measurements to construct an a priori estimate of a signal phase of the GPS carrier ranging signal received by 
the user receiver, wherein the a priori estimate is used as the basis of an extended integration of the carrier ranging 
signal at the user receiver. 

BRIEF DESCRIPTION OF THE DRAWINGS 


[0025] The present invention will hereinafter be described in conjunction with the following drawing figures, wherein 
like numerals denote like elements, and 


FIG. 1isaschematic overview of an exemplary usertransceiver architecture in accordance with the present invention; 
FIG. 2 is a schematic overview depicting the operation of a system in accordance with the present invention; 

FIG. 3 is a schematic overview of a reference network in accordance with the present invention; 

FIG. 4 is a functional block diagram of a receiver in accordance with one embodiment of the present invention; 
FIG. 5 is a functional block diagram of a receiver and controlled radiation pattern antenna (СНРА); 


FIG. 615 a functional block diagram of a receiver and multi-beam steering antenna electronics package in accordance 
with the present invention; 


FIG. 7 is an exemplary receiver configuration in accordance with one embodiment of the present invention; 

FIG. 8 is a schematic overview of an exemplary data-stripping process; 

FIG. 9 is a schematic overview of an exemplary time-transfer process; 

FIG. 10 is a functional block diagram of an exemplary low-earth-orbit (LEO) correlator; 

FIG. 11 is a functional block diagram of an exemplary GPS correlator; 

FIG. 12 is a functional block diagram of an exemplary navigation processor; 

FIG. 13 is a functional block diagram of an extended dwell process; 

FIG. 14 is a functional block diagram an extended Kalman filter; 

FIG. 15 is a flow-chart depicting an exemplary update process; 

FIG. 16 is a graphical depiction of an exemplary error cycle; 

FIG. 17 is a schematic overview of a navigation system with a moving reference; and 

FIG. 18 is a schematic overview of a system illustrating LEO cross-links. 
DETAILED DESCRIPTION 
[0026] The following detailed description is merely illustrative in nature and is not intended to limit the invention or the 
application and uses of the invention. Furthermore, there is no intention to be bound by any expressed or implied theory 


presented in the preceding technical field, background, brief summary or the following detailed description. 
[0027] The invention may be described herein in terms of functional and/or logical block components and various 
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processing steps. It should be appreciated that such block components may be realized by any number of hardware, 
software, and/or firmware components configured to perform the specified functions. For example, an embodiment of 
the invention may employ various integrated circuit components, e.g., memory elements, antennas, digital signal process- 
ing elements, logic elements, look-up tables, or the like, which may carry out a variety of functions under the control of 
one or more microprocessors or other control devices. In addition, those skilled in the art will appreciate that the present 
invention may be practiced in conjunction with any number of data transmission protocols and that the system described 
herein is merely one exemplary application for the invention. 

[0028] For the sake of brevity, conventional techniques related to signal processing, data transmission, signaling, 
global positioning systems, satellites, network control, and other such functional aspects ofthe systems (andthe individual 
operating components of the systems) may not be described in detail herein. Furthermore, the connecting lines shown 
in the various figures contained herein are intended to represent example functional relationships and/or physical cou- 
plings between the various elements. It should be noted that many alternative or additional functional relationships or 
physical connections may be present in a practical embodiment. 

[0029] FIG. 1 presents a general overview of a user receiver component in accordance with one embodiment of the 
present invention, and Fig. 2 is an overview of a navigation system 200 useful for illustrating operation of the present 
invention. As shown in Fig. 2, a user 202 attempts to utilize one or more GPS satellites 206 while within an environment 
204 subject to jamming and/or interference. In prior art systems, the presence of jamming within environment 204 would 
limit or even preclude the use of GPS satellites 206. In accordance with the present invention, however, aiding information 
220, 224 is conveyed to user 202 via a low earth satellite (LEO) 222 to assist it in recovering GPS signals 208. 

[0030] One or more reference stations 210 are located and sited outside of the jamming area such that they have a 
clear line of sight to GPS satellites 206 and are not subject to interference or jamming (including any interference or 
jamming occurring within environment 204). Aiding information 220 from reference receiver or receivers 210 is uplinked 
to one or more low-earth-orbit (LEO) satellites 222. The LEO satellite signal 224 is preferably broadcast at sufficiently 
high power to overcome the jamming power within environment 204 such that it may be received by user 202. Aiding 
information 220, 224 relayed by LEO satellites 222 is received by a user receiver 100 as shown in FIG. 1, then applied 
to the GPS signals so as to enable the specially-designed user receiver 100 to recover a useable GPS signal in spite 
of the jamming or interference. 

[0031] User receiver 100 of FIG. 1 provides streaming, real-time data flow throughout the tracking channels so as to 
allow the aiding information to reach the correlators in real-time to a high precision, e.g., centimeter-level precision. This 
centimeter-level positioning and timing capability enables the receiver to coherently track the GPS signals for extended 
periods. 

[0032] Unlike traditional anti-jamming methods, this invention emphasizes the GPS sinusoidal carrier signal component 
rather than the PRN code. The method is agnostic as to whether the civilian C/A code or military P(Y) or M codes are 
employed. The codes are used to differentiate among satellite signals and to initialize operation. Other than that, the 
sinusoidal carrier provides the essential characteristics, yielding both (i) greatly improved anti-jam performance by 
eliminating squaring loss and (ii) greatly improved accuracy by permitting precision ranging in the midst of jamming. 
[0033] In accordance with a preferred embodiment of the present invention, redundancy is incorporated in the form 
of at least two reference stations and two LEO satellites such that failures in any portion of the system will not adversely 
interfere with operations. More particularly, referring to FIG. 3, a dual string version of the invention 300 employs a pair 
of LEO satellites 222(a) and 222(b), and reference stations 210(a) and 210(b), to ensure that reference information is 
always available for GPS satellites 206 in view to user 202. 

[0034] LEO satellites 222 can be any low earth orbiting satellite. In a preferred embodiment, the system includes 
constellations of LEO satellites 222 so that there is substantially always at least one satellite overhead with respect to 
user 202. LEO constellations suitable for the present invention include, for example, those offered by Iridium and Glo- 
balstar. Both of these LEOs are designed around telephony, and because the average data rate for telephony is about 
100 times faster than the nominal 50 bps GPS data rate, the excess can be converted into extra broadcast power. In 
other words, if the bit rate of a LEO satellite 222 is made comparable to that of GPS, the LEO broadcast will be 20 dB 
more powerful than a GPS broadcast. If multiple downlinks are switched on corresponding to multiple phone calls, the 
power can be increased even more. For example, if the equivalent of 10 phone calls are dedicated to a downlink, then 
the aiding signal 224 will be approximately 30 dB more powerful than GPS. The result is an aiding signal that will provide 
30 dB more jamming immunity. 

[0035] GPS broadcasts in two bands: L1 at 1,575.42 + 12 MHz, and L2 at 1,227.604 + 12 MHz. Iridium broadcasts 
in the band 1,616.0 to 1,626.5 MHz, while Globalstar broadcasts in the band from 2,483.5 to 2,500.0 MHz. A receiver 
capable of receiving both GPS and a LEO satellite provides a high-performance precise positioning, timing, and com- 
munication system known as iGPS. The iGPS anti-jam system can work with either GPS frequency or both. 

[0036] In a preferred embodiment, a similar anti-jam iGPS receiver is used at both reference stations 210 and user 
site 202. An exemplary receiver 400, based on a software receiver architecture, is shown in FIG. 4. Owing to increased 
computing power per chip, per unit cost, and new semiconductor technologies such as high-speed, low-power SiGe RF 
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designs, software receivers are becoming easier to build. The result is lower cost, faster development times, lower size, 
weight, and power, and, most of all, an extraordinary flexibility with which to integrate components together and into 
larger systems. It should be recognized that, in some specialized adaptations of the invention, software receiver tech- 
nology may not suffice and that a design optimized around some other criteria may be required. 

[0037] With continued reference to FIG. 4, a receiver 400 includes a multi-frequency antenna 402 used to receive 
satellite signals 401. Antenna 402 is coupled to one or more preselect filters 404, an amplifier 406, and an A/D converter 
408. Synthesizer 413 receives a signal from temperature-controlled crystal oscillator (TCXO) 410, and is coupled to 
computer 414, Inertial 412, and A/D converter 408 as shown. Computer 414 receives raw measurements from inertial 
412 as well as input from synthesizer 413 and A/D converter 408 to produce an output of position, altitude, and time 
(420). The sampling rate of A/D converter 408 is preferably chosen using the method described the following publication: 
Mark L. Psiaki, Steven P. Powell, Hee Jung, and Paul M. Kintner, Jr., "Design and Practical Implementation of Multi- 
Frequency RF Front Ends Using Direct RF Sampling," ION-GNSS, Long Beach, September 2004. In this way, the system 
downconverts to baseband all bands of interest. 

[0038] Correct choice of sampling rate ensures acceptable spectral separation spanning the Nyquist range of zero to 
half the sampling frequency. In the preferred embodiment, such as that employed in Civil Aviation, antenna 402 is a 
fixed radiation pattern antenna (FRPA), thereby avoiding the cost, bulk, and complexity of a controlled radiation pattern 
antenna (CRPA). For military applications — especially for use on military platforms — it is more desirable that antenna 
402 be a CRPA. 

[0039] There are two ways to implement a CRPA. The first is an integrated approach as shown in FIG. 5. Generally, 
the number of antenna ports 401 on the front end of receiver 400 is expanded to the desired number of CRPA antenna 
elements. A plurality of respective A/D converters 408, inverters 406, and filters 404 are coupled to antennas 401. STAP/ 
SFAP processing 502 is then carried out in software internal to computer (or DSP) 504, as shown in the figure. 

[0040] The second approach is to include a Multi-Beam Steering Antenna Electronics (MBS AE) package in line 
between the antenna array and the iGPS receiver. Such an embodiment is shown in FIG. 6. This package is modified 
slightly to repeat the STAP/SFAP processing 502 with the LEO signals as well as the GPS signals. In this regard, the 
Iridium band lies very close to the GPS L1 band. 

[0041] Inside the anti-jam iGPS software receiver, the processing begins with a preselection filter 404 for each of the 
GPS bands (L1 and/or L2) and the LEO signal (such as lridium or Globalstar). Because software receiver 400 can be 
engineered to employ direct downconversion, it is desirable for these filters have a sharp cutoff. An example of the 
electrical components required is the specialized IBM RF chip IBM43GAENGP0001. This receiver contains an integrated 
SiGe chip which carries out the bandpass, automatic gain control (AGC), and direct RF sampling functions. 

[0042] Ina preferred embodiment, the receiver design ensures that measurements from the different bands are made 
atthe same epoch with respect to the same time base. Once the signals are converted to digital, the architecture cannot 
introduce inter-channel bias across frequencies and between satellites. This attribute of stable inter-channel biases is 
very helpful in making high quality coherent measurements and is important to anti-jam performance. If the design trade 
space for a particular application precludes the use of direct downconversion, then other approaches using conventional 
downconversion will be apparent, as long as careful consideration is applied to achieving stable biases. 

[0043] With reference to Fig. 4, the number of A/D converter bits within A/D 408 is a matter of design choice. To 
accommodate non-Gaussian jamming and to allow for preprocessing by the STAP/SFAP functions, more bits may be 
necessary. 

[0044] In accordance with one aspect of the present invention, a simple, low-cost TCXO frequency reference 410 
may be employed. An exotic clock such as an atomic oscillator or an ovenized crystal oscillator (OCXO) is not necessary. 
Such a TCXO is typically quite rugged, able to sustain significant vibration and thermal variation, and yet relatively 
inexpensive (i.e., on the order of $10 or $20). The central attributes of this invention will render the overall system and 
method largely insensitive to imperfections in the receiver clock. 

[0045] Ifthe receiver is to be used for high dynamic applications, it preferably employs some sort of inertial reference 
412. Any type of inertial device 412 is compatible with this invention, ranging from high-performance navigation grade 
inertial devices to tactical grade inertial systems. In the preferred embodiment, a chip scale inertial device is used. 
Current chip scale inertials include Micro-Electromechanical Systems (MEMS) devices, which typically provide the lowest 
cost, size, weight, and power profiles. An example of a MEMS INS is the Honeywell HG-1930. An example of a chip 
scale MEMS gyro is the Systron Donner MEMS Gyro LCG50. An example of a MEMS accelerometer is the Kionix 3- 
Axis MEMS Accelerometer KXM52-1050. 

[0046] In a preferred embodiment, the entire iGPS receiver 400 is architected at the chip level as shown in Figure 7. 
That is, a receiver card 702 includes a 3-axis chip-scale accelerometer 704, a 3-axis chip-scale gyroscope 706, and 
various other components, e.g., pre-select filters, a preamplifier, one or more A/D converters, a TCXO, a synthesizer, 
and a FPGA/Computer, as described in conjunction with FIGS. 4-6. These components may be distributed on board 
702 in accordance with known techniques and in any suitable manner. 

[0047] Another key rationale that will be seen in the description below is that MEMS technology can also be engineered 
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to offer low random noise—the largest error source related to this invention. Since iGPS will estimate out the biases in 
real time, the key remaining performance parameter will be random error, a parameter in which MEMS devices tend to 
excel—potentially even beyond those of state-of-the-art inertial grade IMUs. There are also potential future improvements 
in chip scale technology. Research and development in chip scale, room-temperature Bose-Einstein condensates for 
inertial devices holds significant promise. See, e.g., Jakob Reichel, "Atom Chips," Scientific American, February 2005, 
at p.46. 

[0048] Having thus given an overview of the various components of an exemplary embodiment, the basic functioning 
of a the invention will be described. First, the extended dwell signal processing technique for coherent detection is 
described. This is the basis for achieving high anti-jam (AJ) performance. Next, the system-level navigation processing 
thatis usedto achieve the high AJ performance is described. Finally, a preferred embodiment of the invention is described 
in detail, providing a general system and method for practical operation. 


Extended Dwell Signal Processing 


[0049] In a preferred embodiment, anti-jamming performance is accomplished in three basic steps: (i) datastripping, 
(ii) time synchronization, and (iii) coherent averaging. Figure 8 illustrates the first step in the processing sequence. It is 
desired to remove the GPS data that is modulated on the carrier for a user 202 that happens to be operating in an area 
204 of heavy interference. A reference station 210 in common view of a GPS satellite 206 that does not happen to be 
subject to jamming or interference is able to obtain a clear estimate of the 50bps GPS data stream for that satellite. The 
LEO data link 220, 224 is used to telemeter the data across the data link to user 202 in real time at high power. User 
202 then time-aligns his own received GPS signal 208 with the data stream 224 received from reference station 210 
via GPS. By mixing these together, the 50 bps modulation is completely stripped off the signal. 

[0050] The second step is to synchronize the user clock with a known reference. Because a typical quartz oscillator 
will drift by many GPS L1 wavelengths (19 cm) over a time period on the order of one second or more, it is not possible 
to carry out coherent integration of the GPS signal over such a time period. The clock synchronization is carried out by 
using LEO satellite 222 to transfer time from a known source at reference station 210 to user 202. 

[0051] Reference station 210 has some access to GPS time because it is in view of a GPS satellite 206 which carries 
an accurate source of time. Because GPS satellites carry an atomic clock—nominally a Cesium clock—signal is highly 
likely to stay stable to better than 10:12 over the required 20 second averaging interval. However, relying on a measurement 
of GPS time directly from GPS is still subject to errors, including those from clock, ephemeris, and the atmosphere. In 
the preferred embodiment, the GPS satellites that are incorporated in the user's position fix are treated as common view 
between the reference and the user receivers. GPS time then drops out in this differential mode. 

[0052] Precise time at user 202 (i.e., at the user receiver) is first obtained by carrying out common mode ranging of 
LEO satellite 222 between reference station 210 and user 202. The carrier ranging equation from the user satellite is 


ф= р+др+т, -т, +Б tp ተ p, же 


where p is the estimated range to the satellite, dp is the error in estimated range, т. is the satellite clock offset, т, is the 
receiver clock offset, bg is the aggregate ranging bias (including integer and real-valued ambiguity components and all 
hardware delays), and p subscript t, j, and m, are the errors due to troposphere, ionosphere, and multipath, respectively. 
The error, e, is the contribution from receiver noise. 

[0053] Many of these parameters are known or partly known in advance (i.e., a priori). Furthermore, it can be safely 
assumed that many of the parameters can be bounded so that they will not likely change by more than a centimeter 
over a 20 second interval. The centimeter-level metric is employed interchangeably with a 30 picosecond time standard 
in dealing with GPS carrier phase because 30 picoseconds is the amount of time that light takes to traverse one 
centimeter. The reference station location is assumed to be known to centimeter level accuracy. For the purposes of 
the following derivation, it will be assumed that both the LEO satellite position and the user position are initialized to 
within 10 cm of error. However, it will be shown later that this condition can be relaxed considerably to several 10s of 
meters or more. 

[0054] Using relative aiding information from the user inertial, it is possible to track the user position in a relative sense 
to better than a centimeter over the 20 second interval. Therefore, the relative accuracy obtained by differencing the 
user range measurementto the LEO satellite from the reference station measurement results in the following expression: 
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reference 
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reference 


seconds 


[0055] The superscript designates the transmitter. The subscript designates the receiver. Most notably, when the user 
forms the above difference, the spacecraft clock cancels out perfectly. For the time being we assume a near-perfect 
ephemeris. This will be revisited below. 

[0056] What remain of the single difference are bias terms whose variations are bounded to be on the order of less 
than a centimeter over the 20 second interval. As shown in Figure 9, reference station 210 has its own imperfect measure 
of time. That is, reference station 210 measures the LEO satellite 222 signal carrier phase. It then transmits this meas- 
urement data through LEO satellite data link 220, 224 to user 202. The user equipment also makes a measurement of 
the LEO satellite signal carrier phase. By the above relationship, the Aq difference can be formed by the user equipment 
to provide the exact offset between the reference and user clocks. In fact, the user receiver carries out a virtual recon- 
struction of the reference station clock by adding Аф to the user receiver clock. 

[0057] Several aspects of this development are notable. First, time precise to better than 10 12 over 20 seconds has 
been transferred using a LEO satellite that carries no atomic clock. Iridium and Globalstar carry only space qualified 
quartz oscillators, yet this level of time transfer is possible because the satellite clock term drops out precisely at each 
epoch. Second, the precise level of time knowledge is available to user 202 in spite of the presence of severe jamming. 
Again, this is possible because the LEO signal is significantly more powerful than that of GPS. Last, the precise time is 
available to the user equipment without the use of an exotic clock. The user only requires a low cost TCXO and can 
operate in the presence of significant user vibration. 

[0058] The next step is to use the transferred time to form a feed forward prediction of the carrier phase for each GPS 
satellite to be tracked. Since the satellites may be too weak to track by themselves, the receiver must use the aiding 
information to preposition the tracking loops within a centimeter of the expected phase. Using common-view time transfer, 
the relationship between the GPS satellite phase measured at the reference station and that about to be measured at 
the user is given by 


Gë GPS GPS GPS 
ма (0% - -р user 1- lo* – р Ға, маг Ab 


= [e bk | pue, xo (f, H+ Ab 
= ASP + Toys — ተ" s -Ар + Ар, «Ағ 


reference 


ET ~T „ ተ Ab+ O{< 30 picoseconds} 


reference user 


where the measured difference corrected for satellite motion ends up being simply the difference between the reference 

and the user clock. The GPS satellite clock will cancel out because it is common mode. 

[0059] Itis now possible to solve the above equation for the a priori estimated GPS carrier phase as measured by 
- GPS 

the user, D . И is given as follows to within roughly a centimeter of accuracy in terms of known quantities. 
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GPS GPS 
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GPS 


= ра + low -p5 | Ар” +Ab+ Of< 30 picoseconds} 


reference 


[0060] The expected carrier phase is the sum of the reference phase corrected for GPS satellite and user motion and 
the time transfer correction provided by the LEO satellite link. 

[0061] The third step in the method is coherent averaging of the incoming GPS carrier against the newly formed virtual 
stable time base. Because all of the GPS code, carrier, and data have been removed, and because the inertial navigation 
unit has been used to remove remaining relative motion, the only residual modulation on the GPS carrier should be that 
due to gyro and accelerometer noise and biases. 


ለፀ = ለፀ” - ለፀ” = 9*5 —i5** = Ь+ О{< 30 picoseconds} 


user 


[0062] The bias term, b, represents an aggregate of all integer and slowly changing electronic biases contributing to 
a particular double difference. In the presence of jamming, the invention effectively works to estimate these bias sig- 
nals—however faint the carrier should be—to recover this critical information. Because the signals are provided in carrier 
phase, they provide an extraordinarily high fidelity, centimeter-level measurement of the inertial parameters. 

[0063] In the time domain, the longer the averaging interval, the lower the residual noise is driven while the signal 
remains constant. In the frequency domain, the ultra-narrowband (quasi-static) In-phase (I) and Quadrature (Q) carrier 
phase is low pass filtered—perfectly matched to DC. The noise due to jamming is removed while passing the signal at 
zero frequency. A quantitative description of the process is that the residual integration noise is given by the white noise 
equation: 


2 
С 


= Jo 

257 
[0064] By this method, it is possible to gain significant anti-jam improvement over GPS. If the LEO power is sufficient 
to allow the aiding information to drive past the jamming, and if the user carries an inertial navigation unit that is capable 


of maintaining «1 cm of drift over 20 seconds, then the coherent integration time of GPS signals extends from 20ms to 
20sec— an improvement of 30dB. Furthermore, this is not a hard upper limit of the present invention. 


System-Level Navigation Processing 


[0065] In accordance with one embodiment, a "brute force" double difference method of combining the measurements 
is used. While this approach is illustrative, it will be shown that in practice it has certain drawbacks compared with the 
preferred embodiment described below. In this example, LEO phase measurements are directly subtracted from each 
GPS channel prior to correlation. Each GPS channel outputs residual phase measurements, providing the double 
difference (GPS minus LEO, user minus reference) remainder between the actual and the predicted phase of the GPS 
satellite signal as received by the user. 

[0066] The inertial unit keeps track of the user position. However, the inertial unit will generally accumulate a nominal 
vector position error in the local horizontal user frame for a given nominal position estimate, хо, The phase measurements 
can be linearized about this nominal local horizontal inertial user position to find a best vector estimate бх using GPS 
of the inertial position error. 
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where v is the measurement noise. Next, we can define and regroup terms, 


GPS 


T O eg + D. Биг - фа? + |х, ER X 0 ሽ + Ca E ёл referent 


: ን ጩ 
др = -Аф + P sser Хо» 2 
a ^T ^T 
= -$. +s Óx bv 


where S is the unit vector to the indicated satellite in the local horizontal frame. Since the phase measurement is a 
double difference, no clock component remains. Consolidating terms, 


бо = -(8,,, — 5,,) &X+b+v 


[0067] Stacking differential phase measurements for n GPS satellites in view, the resulting system of equations may 
be defined: 


op =-68ዕ), -S, [I 1 -- IY &+p+v 


GPS 


where 


др = ECH SC ለ SCH | 
5 zi DEN San ши JM 


ዩ = Ib, Жа ኣነ] 


[0068] For simplicity, the system may be assumed to be initialized and operating under normal conditions in the clear 
prior to being operated under jamming. However, given sufficient processing power, there is nothing to prevent the 
system from acquiring lock under jamming. 

[0069] Тһе biases may be approximately initialized using a code-based solution for the position хо. Then, substituting 


óx-0, ይ = Sp, From then on, coherent carrier phase tracking commences using the inertial unit to remove dynamics 
at the centimeter level using the following integrated approach. The phase measurements provide a centimeter-level 
indication of how far the inertial has drifted. 

[0070] If the biases are assumed to be constant, the position error can be obtained in the presence of interference 
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and/or jamming by simply solving the system of equations for the user position error using a linear least squares fit to 
minimize the cost function: 


2 


where: 


y-óp-p 


[0071] The vector ôx is the estimated position error with respect to x, following each PDI. In practice, a simple correction 
is notsatisfactory because the model does not include all the error sources in satellite ranging described above. However, 
by allowing the biases to float, the changing geometry due to satellite motion generally allows both the position and 
biases to be observable. Depending on the exact satellite geometry, the biases will generally be observable, and therefore, 
will pinpoint the exact position of the user. Typically, with the large angle motion of the LEO satellite over the user, there 
is enough change in geometry to determine two out of the three components of position to within centimeters within time 
scales on the order of one minute. If two or more LEO satellites are used, as shown below, all three components of 
position may be solved within roughly the order of a minute. 

[0072] In circumstances where anti-jam performance is required, but centimeter-level accuracy is not needed, the 
system may also allow the model error states to absorb certain errors. This behavior is appropriate, given the characteristic 
of an estimator to minimize error residuals. Therefore, estimators will still tend to perform reasonably even in the presence 
of moderate modeling errors. The basic filtering approach is also capable of absorbing slowly changing, bias-like error 
sources, including but not limited to user, reference, and satellite position errors, atmospheric and ionosphere biases, 
and multipath. For example, it can be shown that an ephemeris error, ör, in the LEO satellite will produce a common- 
mode bias in the above observation equation. 


óp = -(S,, 260 Е 1) x – (6, a | Ee 1) Gr e B+ OB+v 


[0073] The modified least squares solution for a single epoch becomes 


: À Ж Й 
min|H & = y = (` РТ S қону Iı 1 Katz 1) ቋ + óp|, 
Subtracting the original unperturbed cost function, 
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the argument of which vanishes for 
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[0074] This same result follows for its time derivatives. In general, if the user is able to tolerate modest departures 
from centimeter-level accuracy for jam resistant operations, this development provides an existence proof of a common- 
mode bias rate that will enable extended integration over the interval required for anti-jam. In other words, various error 
Sources can be set up to be accommodated automatically. The key is applying an estimator that can track out the 
common mode bias component so as to successfully enable extended pre-detection intervals in the presence of jamming. 


Preferred Embodiment Architecture 


[0075] In the preferred embodiment, the bulk of the signal processing is carried out in a software receiver implemen- 
tation, and the following discussion will assume as such. However, the invention may be implemented using any com- 
bination of hardware and software as may be appropriate given the particular circumstances. 

[0076] FIG. 1 shows atop level representation of a preferred processing structure. The architecture relies extensively 
on precise feed forward estimates of the carrier phase for the system receivers, and should be routed about the user 
receiver on a timely and accurate basis. These aiding signals are generated by a Navigation Processor 110 on an a 
priori basis. Once these signals are available throughout the receiver, lock in jamming conditions can proceed. 

[0077] The signals are generally processed from left to right in the figure. The first step is to perform excision, as 
represented by STAP (or SFAP) modules 104 (a)-(c). Since each input band will end up with a separate jamming scenario 
and antenna biases, a separate STAP module 104 acts separately on each band, i.e., GPS L1, GPS L2, and LEO. Each 
STAP module 104 is aided by feed forward of the vehicle attitude, since adaptive beamforming is more effective if the 
attitude of the vehicle is known. 

[0078] The next system block is the bank of tracking channels 106(a)-(c), one for each combination of satellite and 
band. Sufficient processing resources are preferably allocated to accommodate at least 12 GPS satellite channels for 
each band, L1 and L2, and atleast 3 LEO channels. Each channel accepts a feed forward signal from Extended Kalman 
Filter 108 at 50 Hz, comprising an a priori estimate of the incoming receiver phase. 

[0079] Unlike a traditional GPS receiver, in which each channel has a dedicated tracking loop, the preferred embod- 
iment creates a centralized regulator in Extended Kalman Filter 108. This system block may propagate more than 40 
unified state variables, modeling each correlator, the INS, the aggregate tracking loop state, and the user clock. 
[0080] Figure 10 shows an example of a correlator for an LEO satellite. In general, correlator 1000 includes code 
generator 1004, functional block 1006, bit timer and frame generator block 1007, accumulators 1008, data wipe-off block 
1010, and integrator block 1012 configured as shown, wherein blocks 1004, 1006, and 1007 receive various commands 
and data 1009 described further below. 

[0081] The tracking loop maintains carrier lock, bit synchronization, and frame synchronization, as well as data de- 
modulation. In this regard, the complex signal samples 1002 are processed from left to right. For Spread Spectrum LEO 
constellations such as the CDMA Globalstar, the feed forward code is wiped off the incoming signal. Next, the incoming 
carrier phase feed forward prediction is converted into a complex rotation that unwinds the incoming residual data- 
modulated signal, downconverting it to baseband. 

[0082] For bit synchronization, a Gardner algorithm is applied, creating a discriminator based on three consecutive 
integration intervals separated by half a symbol period. Frame synchronization is applied by searching for a predetermined 
symbol sequence. For carrier tracking, the QPSK data is then wiped off. Over a specified interval in the frame, each 
LEO satellite broadcasts data. The channel is designed to integrate this energy into In-phase (I) and Quadrature (Q) 
carrier phase error tracking components (1014). These raw l's and Q's are routed to the Navigation Preprocessor (item 
110 in FIG. 1) for conversion into carrier phase tracking error angle and incorporation into the Extended Kalman Filter 
(item 108 in FIG. 1). The LEO raw output rate is generally 10 Hz or faster, even under high jamming, because of the 
high LEO broadcast power. 

[0083] FIG. 11 shows an exemplary GPS correlator architecture 1100, which generally includes an NCO 1008, a code 
generator 1010, and integrators 1004 and 1006 configured as shown. Again, the complex signal samples 1002 are 
processed from left to right. The signal first undergoes wipe-off of both the code and the feed forward carrier, rotating 
and precisely downconverting the carrier nearly exactly to zero frequency. The feedforward corrections are generated 
by the Navigation Preprocessor (item 110 in FIG. 1) and consist of contributions from the user clock estimate (indirectly 
derived from the LEO tracking), the streaming feed forward ephemeris, and the instantaneous estimate of the user 
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position made by the INS as updated by GPS. At this point, the residual carrier is effectively quasi-static. All phase 
rotation has been effectively removed, but for residual system biases and 50 bps GPS data modulation. 

[0084] With continued reference to Fig. 11, two half channels are grouped together to form a complete tracking channel 
with both code and carrier | and Q measurements. The PRN generator of the upper half channel is commanded to output 
Early minus Late (E-L) code 1020, while that of the lower half channel is commanded to output Punctual code 1020. All 
channel correlator output is routed to the Navigation Preprocessor (item 110 in FIG. 1) forincorporation into the navigation 
solution. 

[0085] Figure 12 shows exemplary Navigation support functions. This graphic shows, schematically, the various op- 
erations performed on the incoming data 1201 by system 1200. In general, system 1200 includes the following function 
blocks: GPS data aiding block 1208, data stripping and extended dwell block 1206, decoding block 1202, ranging error 
blocks 1210, atmospheric correction block 1212, streaming reference data block 1214, ephemeris generation block 
1216, LEO ephemeris to ECEF block 1218, and GPS ephemeris to ECEF block 1216. The Navigation Preprocessor 
uses the raw l’s and Q's from the correlators for two key purposes: (i) streaming feed forward aiding generation and (ii) 
ranging measurement conversion. 

[0086] For the feed forward function, the Navigation Preprocessor decodes the data stream arriving from the LEO 
satellites (1202). This data contains an encoded message that can be used to produce (i) the 50 bps feed forward GPS 
data aiding stream, (ii) the ground reference measurements, and (iii) streaming ephemeris feed forward predictions. 
[0087] For the ranging measurement conversion, the raw / and Q measurements are converted from raw form into 
range errors 1204. Because the GPS signals are so weak in the case of jamming, the GPS /'sand Q'sare first accumulated 
in block 1206 described below. Then, both the LEO and GPS /'s and Q's are converted to range errors 1204 via the 
following calculations: 


Phase Ranging Error: Ag = atan,(Q,,l,) 


Code Ranging Error: 


__ Q} 
ын 5 217 91 


[0088] Although the primary emphasis is on the carrier phase in this invention, it is important to note that the squaring 
losses associated with the previously discussed code ranging discriminator do not apply to this new coherent code 
phase discriminator provided here. Unlike a code-only discriminator wherein the averaging interval increases as the 
square of J/S, this discriminator reduces the averaging interval to a simple proportionality to J/S. The performance 
improvement is dramatic. 

[0089] The resulting coherent receiver can take full advantage of both the code and carrier attributes. As long as the 
receiver maintains carrier lock—even under extreme jamming conditions—it is also able to offer code measurements 
that can be used for any traditional GPS or satellite navigation purpose, including, but not limited to, ordinary position 
fixes, differential position fixes, and resolution of GPS time. Furthermore, it will be apparent to those with skills in the art 
that various techniques used to improve code performance, such as variable-chip and multiple-chip correlator spacing 
are applicable or compatible with this anti-jam system. 

[0090] Figure 13shows an exemplary method for further accumulation of the 20ms GPS samples into longer integration 
times. As shown, a GPS data bit sequencer 1302 aligns the a priori known data bits with the incoming І and Q meas- 
urements to strip off the data modulation. For other Global Navigation Satellite Systems (GNSS), such as future versions 
of GPS, any form of symbol modulation can be removed in an identical manner. Then, the quasi-static measurements 
are averaged over the pre-detection interval (via blocks 1304 and 1306). The PDI is a long period, for example 5, 10, 
or 20 seconds in the preferred embodiment, corresponding to the longer coherent integration time that is a function of 
the jamming level. 

[0091] A full complement of correlator output measurements from both the LEO and GPS tracking channels is the 
basis for a system state update. Should more than one LEO measurement be available in between full updates, it is 
possible to update a subspace of the position states at the LEO update rate and incorporate them into the overall 
navigation solution. If only a single LEO satellite is available, only the user clock is updated. 

[0092] The Inertial Processor (112 in FIG. 1) takes the raw inertial data 111 as an input, corrects for pre-calibrated 
errors including misalignment, applies the bias state estimates, and performs strapdown and navigation algorithms to 
compute high-bandwidth user position and attitude 113. The output of inertial preprocessor 112 provides both the high- 
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bandwidth position and attitude output for the system as well as aiding data for the signal processing. 

[0093] Another aspect of the invention is the central regulator shown in FIG. 14. In general, regulator 1400 includes 
Kalman filter 108 which is communicatively coupled with functional blocks 1405, 1403, and 1404, and which interacts 
with the various signals previously described as shown in the figure. To provide the advertised jamming protection, the 
receiver requires an extremely accurate model of the system, in many cases good to the sub-centimeter level over a 
large dynamic range. This tolerance, expressed in terms of both accuracy and timeliness, is especially important for the 
ephemeredes, the reference phase measurements, and the inertial output. The complete system model (nested items 
410, 412, and 1414) resides inside the Extended Kalman Filter 108 which therefore generates the carrier phase feed 
forward signal 1402 to all correlators in the receiver as shown. 

[0094] One key for proper functioning of the anti-jam system is to keep the bias estimates within tolerance. The filter 
harvests all correlator measurements and combines the navigation solution with the inertial solution to determine the 
inertial bias residuals. During a full system update when the GPS correlator output becomes available, the overall system 
Extended Kalman Filter state is updated; and new biases are applied to the inertial output. 

[0095] The following sections describe the various aspects of the high-performance system model that is required to 
attain the tolerances necessary for anti-jam operation. 

[0096] The estimator of a preferred embodiment is structured to directly estimate the position error, user clock time, 
and all ranging biases. This approach is taken a step further to feed forward the exact carrier phase as it will be received 
by each correlator. Starting from a general single difference form, the observation model can be constructed as follows 
for a single satellite measurement, either GPS or LEO: 


AQ = Cr Р... ]- Эн E D NL b +T Lane 24 LG JP Р, — р, ተሃ 


E N- A oan- Pan EE 
= Ag]. -S’x+b-Ar+v 


where the user position x is linearized about the nominal antenna position x, supplied by the INS, where the atmospheric 
error terms are taken to be associated with the satellite to user downlink, and where b is a general aggregate bias that 
includes all unmodeled effects, including cycle ambiguities and electronic biases. Further definitions are given as 


x(t)- x, (r) ёх 


Aal =| ? 
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user reference 


[0097] Atmospheric error corrections, obtained either through a model or through direct measurements, are also 
applied to the raw single difference. It is assumed that T,eference and the reference link atmosphere errors are precisely 
known for the ground reference stations by applying well-known network techniques. See, e.g., W. I. Ветдег, Y. E. Bar- 
Sever, B. J. Haines, B. A. lijima, S. M. Lichten, U. J. Lindqwister, A. J. Mannucci, R. J. Muellerschoen, T. N. Munson, 
A. W. Moore, L. J. Romans, B. D. Wilson, S. C. Wu, T. P. Yunck, G. Piesinger, and M. L. Whitehead, "A Prototype Real- 
Time Wide Area Differential GPS System", Navigation: Journal of the Institute of Navigation, Vol. 44, No. 4, 1998, pp. 
433-447. The user measurements are then stacked to form a linear set of observations as follows: 


15 


10 


15 


20 


25 


30 


35 


40 


45 


50 


55 


EP 1 955 090 B1 


1 


1 
o(t)= 49), -S’&+B-|.\Ar+v, 


1 
where: 
9()-19,0) ol -- eil 6) 
= pu) PUN Фо) | ығ) er Фо (С)! 
_[ Pas () 
GO 
and 
| А (GPS) 
Ael el! Ae" - agi? ላጪ] =| т 
о % Ф 


5-8 8, - 8 5] 


= Bar, Ss) | 569%) ^ 4... 


x ER | 5.6] 
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b. 
ЫГ FE [v, уа ረ d. 0% І = ы 
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[0098] In this representation the satellite geometry matrix is now generalized to any GPS or LEO satellite, the bias 
vector, В, corresponds to the satellite biases for each GPS or LEO satellite, and the time bias, At, corresponds to the 
single difference clock bias (те, Treterence): 

[0099] Іп accordance with one aspect of this invention, the GPS and LEO satellites are partitioned in the state space 
representation. On one hand, GPS satellites must be treated interchangeably with LEO satellites to the extent that they 
collectively enhance geometry when occlusion conditions prevail. Furthermore, the structure must also accommodate 
a separate and faster update rate for the higher-power LEO state variables which may typically range from one to three 
in view. To maximize effectiveness under jamming, the system and method must truly exhibit optimal properties. 
[0100] Before this representation can be used, it must be noted that the common mode of the bias states is indistin- 
guishable from the clock bias for single difference carrier phase observables. The brute force approach to defining the 
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state variables would involve choosing a particular satellite as the "master" satellite and subtracting that geometry and 
clock bias from all the others as initially shown above. Unfortunately, this approach creates an undesirable unequal 
outcome that weights the satellites and measurements in a non-interchangeable way. The position solution is affected 
by the choice of which satellite is the master. Not only is the brute force approach troublesome to implement with changing 
geometry and the possibility that there may be two or more LEO satellites available, the solution is not optimal, and is 
not well-suited for creating a system that is capable of handling the entire spectrum of required performance ranging 
from high jamming scenarios to occluded environments. The latter case produces a constantly changing set of satellites 
being tracked and is therefore incompatible with designation of a master satellite. 

[0101] > То prevent numerical difficulties, itis desirable to create a new clearly defined set of bias modes in state variable 
form. A new set of bias and clock states are defined to (i) absorb the unobservable mode and (ii) render a set of 
orthonormal bias states that are also orthogonal to the common mode. 

[0102] First, the common-mode normalized basis vector is defined: 


would og 


wherenisthe number of ranging measurements available. The common mode bias contribution is determined by defining 


the projection B, | = ሃይ . What is then needed is a way to find an orthonormal basis, V | (nxn -1), to span the space 


orthogonal to vy, i.e. and 


[0103] The following derivation develops a unique generating function for V |. 
[0104] The orthogonal space can be derived by subtracting out from the bias vector ይ the common-mode contribution 
as follows: 


В, = ሀ.. 7 M Ka 


[0105] The basis V, may be found by employing the QR factorization, where Q is an orthonormal matrix and R is ап 
upper triangular matrix (see, e.g., Gene Н. Golub and Charles Е. Van Loan, Matrix Computations, Third Edition, Johns 
Hopkins University Press, Baltimore, 2003, p. 223.), such that: 


A=QR=/,-vv 


[0106] In this case, the rank of A is n-1, and the orthonormal basis is then given by the first n-1 columns of Q 


У, =[9, 9, >“ а, 


[0107] While there are many non-unique solutions for V,, the preferred embodiment has V, triangular in order to 
partition the LEO and GPS states which operate at different update rates. Based on the definition of A, it can be shown 
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that the QR method does produce a V , that is lower triangular by noting that 


7 2 == тү ET Tg = той 
АА- (I... M м) (I... Yu )= (Ж MI |. ሏ 
[0108] Because A is symmetric positive semi-definite and because of the symmetry of the Cholesky decomposition 
LL’ = ATA = A the first n-1 columns of Q will be lower triangular. We interpret this structure as a "balanced" basis for 
all the tracking loop modes for all satellites in view consistent with a separate state estimate for the user clock. 
[0109] The desired characteristics for tracking are as follows: (i) separate out the user clock as an independent state 
estimate, (ii) establish an "all-in-view" measurement processing structure that treats each SV in a balanced, non-pref- 
erential manner, i.e., a solution that is independent of interchange or rotation of specific SVs and associated measure- 
ments within the structure, (iii) handle occlusions by allowing GPS satellites and LEO satellites to be processed non- 
preferentially and interchangeably, (iv) maintain an optimal solution in spite of frequent switching among satellites and 
vehicle antennas due to vehicle translation and rotation, (v) accommodate multi-rate partitioning of fast LEO measure- 
ments and slow GPS measurements, and (vi) ensure that the state variables are numerically well defined so as to be 
compatible with a robust Extended Kalman Filter implementation. 
[0110] ልበ example partitioning of bias states is given as follows for 5 GPS satellites in view and 1 LEO satellite in view: 


5/4/30 

-M430 4/420 
б] LA -y 3/15 
Bao] |-1/V30 -1/V20 -1/Vi2 2/6 
-1/430 -УУ/% -/./2 -/М6 1/42 
-1/430 -1420 -1/12 -1/V6 VP 
В. 
|| 8, 


/46 
1/V6 
1/46 | В, 
1/46 | B, 
1/V6 
1/46 


| 
< 


ኝ 


where the notation В, indicates a vector of orthonormal bias modes having n-1 rows consistent with the dimensions of V |. 
[0111] The virtue of the orthonormal lower triangular structure becomes more readily apparent when multiple LEO 
satellites are in view. The LEO satellite states must be updated on a faster time frame than the GPS satellites, while at 
the same time it is necessary to treat each measurement in non-preferential, equally-weighted manner with respect to 
all other satellite measurements, both GPS and LEO. The following example shows an explicit generating function for 
the matrix О for any number (GPS+LEO) of total satellites tracked, n. The example also illustrates partitioning for the 
case where there are 3 LEO satellites in view. 
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1/Vn 


3/-12 Ууп 2 


-YJn(n-1) : -//2 
-Mdnin-1) : -1/412 


[0112] This triangular "V" orthonormal matrix structure allows the LEO tracking loop state updates to occur on a faster 
time schedule without intermixing the LEO tracking state variables with the GPS tracking state variables. The upper- 
center, block zeros of the preferred embodiment ensure that the relative GPS tracking modes are independent of the 
LEO tracking states. The lower left block matrix elements are all common mode with respect to the LEO satellites. 
Therefore, during the interim interval of extended GPS dwell while the LEO tracking loops are being гарісіу updated, 
the GPS tracking states are rendered as passive, common-mode contributors to a new reduced order LEO tracking 
system: 


2/6 
-146 442 
-1/46 -1/42 


vn А, 
Jn 


2//6 о | шиг. | 
В = -1/46 1/42 1/ An 8 -11 [/./п(п 1) Sak [/4128” 
-146 -1/42 |ህ/። "- |1 


[0113] Returning to the full order system, the new bias mode definitions can be substituted for the particular satellite 
biases, 


Ф()- ^e]. -S'éx V, p, + vB - Мпу, Atty, 


[0114] Scaling By according to B = B "ELI and combining the common-mode bias and clock states into a new 


clock state т = At - Bj, the resulting observation equation is 


T n- = 
Ф@)=Ле| - S'&« V. B; -Упу г+у, 
Attitude Lever Arm 
[0115] In practice, the INS is not collocated with the GPS antenna on the vehicle. The lever arm, d, from the inertial 


to the GPS antenna defines the vector displacement between the INS error, г, and the GPS antenna offset, бх as a 
function of the (3x3) attitude matrix, A, as follows 


Acre 
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[0116] Itis possible to linearize this equation about a nominal attitude A, for a vector of small attitude perturbations VP. 


ox=r+A’d 
=г+ A'(I WM 
=r+A;d +A D'Y 
where the cross notation 
0 ge V, V, | V, 
Y=! y, О -у |where VY =| y, 
y, Ww 0 2 


indicates a cross product (ог pre-multiplication by a vector's skew symmetric matrix). 
[0117] The resulting observation equation becomes: 


e(t)» Ле| -S(r + Ajd+A,D’W)+ VB, - nv. 7+v, 


ፃ0)=[ለሟ -S’Ala)-S’r-S’A/D’Y+ VB, -Vav የ+ሃ. 


Inertial Navigation System Model 


[0118] The characteristics of the inertial system can be evaluated by analyzing a linearized representation of the INS 
vector error equations of motion (see, e.g., I.Y. Bar-Itzhack and N. Berman, "Control Theoretic Approach to Inertial 
Navigation Systems," АГАА Paper 87-2591, 1987): 


r+pxr=v 
у-(О-о)ху-У-ухҒ-Ар 
ህተወ።ዛህ=ዩ 
where the Cartesian vector г is the INS position error, v is the velocity error, р is the user frame rate with respect to the 
North, East, Down coordinate system, Q is the Earth rotation rate, o-O--p,V is the accelerometer error, Ф is the attitude 


error, f is the specific force, Ag is the gravity error, and e is the gyro rate error. 
[0119] This set of equations has a state space representation as a 9x9 set of linear equations as follows: 


x=Fx+Gu+w 
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where x is the state vector and w is a vector of random noise error. For the Inertial Processor, the control variable u 
corresponds to the pre-processed strapdown accelerometer and rate gyro measurements. In practice, for the error 
equation, these control inputs precisely cancel and are therefore assumed to be identically zero. We add 6 additional 
states for gyro and accelerometer biases in the three spatial dimensions each to illustrate how these key parameters 
can be estimated in real time in the invention. 

[0120] Next, the inertial system dynamics is linearized and represented in state space form as in the following 15x15 
system of equations: 


r I r 0 
M с, 2, G, 1 ሃ Wow 
2 y |= о 1 y I+] Ди 
dt vv 
b. -т.1 b, w, 
b, -፻, / |b, У, 
where: 
1 0 0 
С.--510 1 0 
፳ 
0 0 -2 
0 20, 0 
63 ---20, 0 20, 
0 -20, 0 
0 ео 
С,-|-г8 0 0 
0 0 0 
0 “5. 0 
6 =- -553, 0 О, 
0 -Q 0 


where g is the local acceleration due to gravity, Ris the radius of the Earth, and Oy and Op are the components of the 
Earth rotation vector projected into the North and Down directions, respectively. 
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Correlator Model 


[0121] Given the rapid clock updates from the LEO satellites that occur over the GPS pre-detection interval and to 
accurately model the effects of inertial noise over the extended interval, it is also preferable to carry a model of the 
receiver correlator. This integrated model will also be used to command the receiver NCO as a built-in state variable. 
Our objective will be to conform to the standard measurement update equations as follows: 


у, = Нх, +v, 


x, -Х, +L(y, -Hx,)- x, + L(y, -У,)5Х, +LAy, 


such that the observable Ay, is the correlator output integrated over the pre-detection interval. 
[0122] The correlator is modeled as coherently integrating over time T the in-phase and quadrature component of an 


input whose signal amplitude is 4 / 2C . phase o(t), and in-phase and quadrature noise n(t). Assuming that the tracking 


error remains small over the pre-detection interval, the correlator model reduces to a simple phase error integral subject 
to an equivalent angular noise, v. 


= r рэн un l 22 
до, EV ту = ZEE 2Ce"? +n(e)k "dt ж T letzt ቓዐ)+ vit 


is i | 
ou [p(t)+ vhr = p ben Peat + v, 


[0123] A new continuous observable y is temporarily defined that can be carried as a separate state variable to 
ultimately construct the discrete estimated observable y, The 1/T scale factor in the definition of the continuous observ- 
able serves as a placeholder and reminder that when the continuous system is converted to discrete form, that the 
correlator output is the integral over the interval T. The instantaneous a priori phase for feed forward to a given channel 
is given by 
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[0124] Because the state variables are now considered to be estimator states, the bar notation has been applied. The 
complete correlator model is formed by stacking the feed forward received signal phase for each satellite. 


[0125] One aspect of the invention involves proper modeling of the correlator. While the inertial, GPS/LEO tracking 
loops, and receiver clocks ordinarily operate independently, the subsystems are interconnected to an exceptionally tight 
centimeter-level tolerance at the correlator. The correlator provides the primary mechanism for state feedback. Because 
each subsystem may operate at a different update rate, each input is preferably accounted for in the correlator model 
to take full advantage of accurate state feedback. 


Integrated System 


[0126] Itis now possible to combine the all-in-view correlator, inertial, tracking bias, and clock state equations into а 
single integrated system as follows 


y y| |á -SA b] ГО 
F F 0 0 
ЬЯ У 0 W aw 
y y 0 LAM 
d | b, b, 0 У, 
dr b, E Ь, M 0 Ч У, 
p. 8 0 10" 
б, ጺ 0 АЛ 
T T 0. w. 
T T 0 w 


- 


[0127] The continuous system х = Fx + w is converted to discrete form as follows using well-known state space 
methodology. See, e.g., Gene F. Franklin, J. David Powell, Michael L. Workman, Digital Control of Dynamic Systems, 
Second Edition, Addison-Wesley, New York, 1990.: 
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x, = Ox, +w, 


Ф =e" 


The discrete system is then augmented with a discrete state y, to represent the value of the continuous state 


vector y at the end of the previous time step (k-1). The state y, represents the continuous value of y at the end of the 
current time step (k). This development completes the model of the integrate-and-dump correlators so that the imple- 
mentation only outputs the exact integral value taken over a single time step, T, consistent with the original correlator 


definition 


where 


above. The discrete state transition equation is then repartitioned as follows: 


y, 
Ур = +w, 
y, 
y, = Hx, = (у, -y., =[-7 |7 10] y, 
Edi 
D = Ф, Ф, 
Ф, Ф. 


where the variable x’ is defined as the original discrete system state vector without including the current correlator states 


yo and y, 
[0129] 


[0130] 


shown explicitly above it. 
The actual correlator output is modeled by stacking the integrated phase for each satellite in track as follows: 


y” [s e" rg 
(n-1) T (n-1), 
2 -1 е" (HS 


y? |. о” (hi 


Because of a previous approximation, this representation is not valid on a stand-alone basis unless and until 


it is combined with the feed forward component of the correlator output. The total complete correlator output is then 


given by: 
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[0131] Using this discrete model, it is now possible to apply a Kalman Filter. The above representation is shown 
linearized about a particular position and attitude. Because the inertial and ranging equations are non-linear in practice, 
it is required that the actual implementation be an Extended Kalman Filter (108 in FIG. 1). Solving for the exact biases 
using this discrete model captures slow component drifts during the РПІ and permits the error model to be exact. 
Depending on the ambient jamming for each satellite, the diagonals of the GPS carrier phase measurements, R,, will 
lie in the neighborhood of about (0.5 cm)? in steady state: The error growth may be determined by integrating the power 
spectral density, R „psa, of the white process noise driving the system: 


M,, = &(T)P,9' (T) [OCR „®'(r)ar 


where P is the a posteriori state covariance matrix, and M is the a priori state covariance matrix. During operations the 
preferred embodiment uses a full Extended Kalman Filter to dynamically adjust for initial conditions, specific non-linear 
geometries, and time varying J/S ratios. The measurement update is then given by 


я, =X, -P,H'R, Ay, 
P, = M, -M,H'(HM,H' +R ) HM, 


[0132] For analysis purposes, it is appropriate to use an optimal estimator and choose the observation gains such 
that P will become the steady state post-measurement covariance and M is the steady-state, pre-measurement covar- 
iance. An optimal steady-state gain, L, may be calculated by solving the well-known algebraic Riccatti equation. The 
eigenvalues, A, of the complete closed loop system may then be calculated such that 


(ወ — OLH)x = Ax 


[0133] The discussion so far has laid down the basic concept of the anti-jam system operation. However, we have 
implemented the preferred embodiment to make the system practical for use in extremely demanding situations. In the 
preferred embodiment, single differences are employed to track each ranging source rather than double differences. 
This more general form best handles dynamic environments with a minimum number of channel tracking resources 
while multiple LEO satellites are being tracked and satellites are transitioning in and out of view. 

[0134] If the requisite geometry is present, resulting especially from LEO large angle motion, this receiver will also 
solve for the state biases to reveal an accurate three-dimensional position fix using only the carrier phase from the GPS 
and LEO satellites. This capability extends not only under jamming but also under normal signal conditions where the 
user platform dynamics are too severe for an ordinary GPS receiver to track. The tracking state biases should be given 
a time constant on the order of a minute or two. 

[0135] Тһе Extended Kalman Filter is subdivided into four components: a form of continuous time update that provides 
the carrier phase feed forward to all the correlators of the receiver and three multi-rate time/measurement updates. The 
three multi-rate intervals correspond to the INS, LEO, and GPS satellite scales of process and measurement noise. 
These intervals are tuned for the particular dynamic and jamming circumstances. 

[0136] Figure 15 shows a flow chart of the sequence of operations for the Extended Kalman Filter 108. In block 1502, 
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the feed forward phase and feed forward GPS data bits are generated. A reduced order version of the continuous system 
is used to generate the carrier phase feed forward as follows: 


x(r) = o(t - :,)x, = eX, = [1 « F(t -r R, 


[0137] Thesubsequent INS, LEO, and GPS updates (1510, 1512, and 1514) are also showninthe flow chart. Generally, 
the fastest interval is Туус which is sufficiently fast to capture the dynamics of the user platform (1508). The next slowest 
interval is T; gg (1506) which is generally set on par with the LEO data rate. The slowest interval is Торе (1504) which 
is dynamically set based on the instantaneous detected J/S ratio. While the exact value should be determined optimally 
using the Kalman Filter considering the particular implementation, Торе will lie in the neighborhood of 


T = or mare sec 


[0138] The resulting error growth cycle is shown in Figure 16 for the case where Тсрѕіѕ 20 seconds. At each complete 
system update, the a posteriori position knowledge is reduced according to the new information available from the 
correlator output measurements. In the interim, the system process noise—dominated by gyro angle random walk—caus- 
es the error uncertainty to grow. The Kalman gains and processing intervals are selected so as to keep the inertial error 
to within a small fraction of a wavelength. 

[0139] The basic initialization of the system may be carried out in a straightforward way not unlike the well-known 
operation of a conventional GPS receiver. A two-dimensional search space of code and Doppler combinations is swept 
out to find the satellite signals. A receiver can aquire under non-jamming conditions and continue on when jamming 
occurs. The receiver can also acquire under conditions of jamming, whereupon the initial search will take proportionally 
longer than under unjammed conditions. 

[0140] The antijam system is not limited to operation with inertial systems. It can also work on a low-dynamic or static 
implementation. The complete system for the low dynamic case appears as follows: 


y y| [ao] |0 

f r 0 0 

ኘ ኘ 0 w 
а B. = B. +| 0 |+ © 
dt| s 

B. ЛЕКИН? 

T T 0 w, 

т Т | 0 w 


[0141] The static case is implemented by removing the velocity state. 

[0142] The integrity of the navigation output is often of critical importance. The navigation system and method described 
herein is fully compatible with providing the highest possible thresholds of integrity. Upon convergence of the Extended 
Kalman Filter 108 to steady state—even under jamming conditions—there is a significant amount of redundant information 
available in the measurement residuals to detect anomalous conditions. The integrity approach uses a variant of the 
well-known Receiver Autonomous Integrity Monitoring (RAIM). It is assumed that most state variables have converged 
to centimeter-level accuracy and that updates to the inertial bias states—especially position error—are occurring to 
centimeter-level accuracy. Therefore, it is possible to construct a RAIM residual as follows: 
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- на = ü + Венко Ay, |, 


К, = |у, 


which forms а chi-square distribution with effectively п-4 degrees of freedom. Given а sufficient redundancy of satellites, 
Le, п>4, a threshold can be applied to the residual to test failure hypotheses. Given further redundancy, i.e., n>5, and 
anti-jam margin, more elaborate RAIM implementations are capable of fault detection and exclusion. 

[0143] As mentioned previously, networks of ground monitor stations and traditional GPS time transfer may be em- 
ployed to ensure that any given LEO satellite 222 to be used has access to т. If these ground monitor stations are not 
available, there are additional alternatives that can be employed. The first is a moving ground reference station 1702 
as shown in FIG. 17. If precise relative position of reference station 1702 is available from kinematic GPS, then the 
precise reference clock Tmopile required to serve as the base station for this invention may be solved in a least squares 
sense from the phase measurements from both the stationary and mobile platforms as follows: 


T -T ጆጩ U) 


mobile папопагу 2 


Le AE. Le 


[0144] Another means of transferring network time across distances larger than the LEO footprint is to use crosslinks 
as shown in FIG. 18. In this embodiment, two-way coherent ranging is carried out between adjacent spacecraft 1802 
and 1804. Since each LEO spacecraft operates using a coherent clock, the error contribution of each spacecraft clock 
cancels precisely. Therefore, with precise knowledge of each vehicle position, it is possible to reconstruct the reference 
time of the master ground station 1802. 

[0145] Invoking the identical development for the preferred embodiment using common view, 


коб) __ po} +21 LEO(1) un]. | ያይዐ(2) шив | LEO(2) — poo 
Ag= (и Pan Dir 10121 -P ЕО Pico -P LEO(]| reference “| Р сеща 


ማጋት SD DEP 


reference 


[0146] The spacecraft clocks cancel precisely. In the preferred embodiment, two-way crosslinks have been employed 


to achieve a result whose noise contribution is a factor of 1/2 smaller than one way. 


[0147] This result may then be carried forward to achieve an identical result as the common view development, namely, 


et)- 7 (ael, -8/А:5)-8т-8"АгВЭР + V,B, -Vav 7] 


[0148] While at least one exemplary embodiment has been presented in the foregoing detailed description, it should 
be appreciated that a vast number of variations exist. It should also be appreciated that the exemplary embodiment or 
exemplary embodiments are only examples, and are not intended to limit the scope, applicability, or configuration of the 
invention in any way. Rather, the foregoing detailed description will provide those skilled in the art with a convenient 
road map for implementing the exemplary embodiment or exemplary embodiments. It should be understood that various 
changes can be made in the function and arrangement of elements without departing from the scope of the invention 
as set forth in the appended claims. 
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Claims 


1. 


10. 


11. 


12. 


A navigation system (200) comprising: 


a reference receiver (210); 

a user receiver (202); 

a global positioning system (GPS) satellite (206) in common view of said reference receiver (210) and said user 
receiver (202), wherein said reference receiver (210) and said user receiver (202) receive a carrier ranging 
signal (208, 209) from said GPS satellite (206), wherein said reference receiver (210) is configured to measure 
the carrier ranging signal (208, 209) from said GPS satellite (206); 

a first low earth orbit (LEO) satellite (222) in common view of said reference receiver (210) and said user receiver 
(202), wherein said reference receiver (210) and said user receiver (202) are configured to calculate respective 
first and second measurements of an LEO carrier ranging signal received from said first LEO satellite (222); 


characterised in that said user receiver (202) is configured to receive, via said LEO satellite (222), said first 
measurement from said reference receiver (210) and apply said first and second measurements to obtain a time 
offset between the reference and user clocks where the time offset is used in conjunction with the GPS carrier 
ranging signal measured by the reference receiver (210) to construct an a priori estimate of a signal phase of said 
GPS carrier ranging signal (208) received by said user receiver (202), wherein said a priori estimate is used as the 
basis of an extended integration of said carrier ranging signal (208) at said user receiver (202). 


A navigation system (200) according to claim 1, further comprising a plurality of LEO satellites (222), wherein one 
or more of said plurality of LEO satellites (222) contributes to said a priori estimate. 


A navigation system (200) according to clam 1, wherein said user receiver (202) employs ephemeris information to 
determine said a priori estimate, wherein said a priori estimate is a small fraction of wavelength over the extended 
integration interval. 


A navigation system (200) according to claim 1, further including a plurality of GPS satellites (206), wherein a plurality 
of respective carrier ranging signals (208, 209) from said GPS satellites (206) are combined by said receiver (202) 
to form a navigation solution. 


A navigation system (200) according to claim 2, further including a plurality of GPS satellites (206), wherein a plurality 
of respective carrier ranging signals (208, 209) from said GPS satellites (206) are combined by said receiver (202) 
to form a navigation solution. 


A navigation system (200) according to claim 1, wherein said extended integration is used to recover code phase 
ranging information embedded in said carrier ranging signal (208, 209) from said GPS satellite (206). 


A navigation system (200) according to claim 6, wherein said code phase ranging information from said plurality of 
GPS satellites (206) is used to calculate a position and a clock offset of said user receiver (202). 


A navigation system (200) according to claim 1, wherein said first and second measurements provide said user 
receiver (202) with a precise relative time estimate between said reference receiver (210) and said user receiver (202). 


A navigation system (200) according to claim 7, wherein said code phase ranging information provides said user 
receiver (202) with a time estimate that is both precise with respect to said reference receiver time, and is accurate 
with respect to GPS time. 


A navigation system (200) according to claim 5, wherein a geometry change of said plurality of LEO (222) and GPS 
satellites (206) is employed by said user receiver (202) to estimate the system biases. 


A navigation system (200) according to claim 5, further comprising a plurality of LEO satellites (222), wherein 
orthogonalization is employed by said user receiver (202) to partition tracking bias state variables associated with 
said plurality of GPS satellites (206), said plurality of LEO satellites (222), and a clock associated with said user 
receiver (202). 


A navigation system (200) according to claim 5, wherein said user receiver (202) is stationary. 
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A navigation system (200) according to Claim 7, wherein said user receiver (202) operates under low dynamics. 


Anavigation system (200) of claim 5, wherein an inertial navigation system within said user receiver (202) is employed 
to subtract out the motion of said user receiver (202). 


A navigation system (200) of claim 14, wherein a set of bias corrections generated by said inertial navigation system 
are sufficient to provide accuracy to less than a small fraction of a wavelength over an interval of said extended 


integration. 


A navigation system (200) according to claim 5, wherein said reference station (210) is mobile. 


Patentansprüche 


1. 


Navigationssystem (200), das umfaßt: 


einen Referenzempfánger (210), 

einen Benutzerempfänger (202), 

einen GPS-Satelliten (206) mit Sichtverbindung zum Referenzempfänger (210) und zum Benutzerempfänger 
(202), wobei der Referenzempfänger (210) und der Benutzerempfänger (202) vom GPS-Satelliten (206) ein 
Träger-Entfernungssignal (208, 209) empfangen und der Referenzempfänger (210) so ausgebildet ist, dass er 
das Träger-Entfernungssignal (208, 209) vom GPS-Satelliten (206) тізі, 

einen ersten LEO(Low-Earth-Orbit)-Satelliten (222) mit Sichtverbindung zum Referenzempfánger (210) und 
Benutzerempfänger (202), wobei der Referenzempfánger (210) und 

der Benutzerempfánger (202) so ausgebildet sind, dass sie die erste und die zweite Messung eines vom ersten 
LEO-Satelliten (222) erhaltenen LEO-Tráger-Entfernungssignals berechnen, 


dadurch gekennzeichnet, dass der Benutzerempfänger (202) so ausgebildet ist, dass er über den LEO-Satelliten 
(222) die erste Messung vom Referenzempfänger (210) empfängt und die erste und zweite Messung verwendet, 
um eine Zeitverschiebung zwischen den Referenz- Taktsignalen und den Benutzer-Taktsignalen zu erhalten, wobei 
die Zeitverschiebung in Verbindung mit dem vom Referenzempfänger (210) gemessenen GPS-Tráger-Entfernungs- 
signal zur Erstellung einer A-Priori-Schätzung einer Signalphase des vom Benutzerempfänger (202) erhaltenen 
GPS-Träger-Entfernungssignals (208) verwendet wird und die A-Priori-Schätzung als Basis für eine zeitlich aus- 
gedehnte Integration des Tráger-Entfernungssignals (208) am Benutzerempfänger (202) verwendet wird. 


Navigationssystem (200) nach Anspruch 1, das ferner mehre LEO-Satelliten (222) umfaßt, wobei einer oder mehrere 
der mehreren LEO-Satelliten (222) für die A-Priori-Schátzung herangezogen werden. 


Navigationssystem (200) nach Anspruch 1, bei dem der Benutzerempfánger (202) Ephemeriden-Informationen zur 
Ermittlung der A-Priori-Schätzung verwendet und die A-Priori-Schätzung einen kleinen Bruchteil der Wellenlänge 
des Intervalls der zeitlich ausgedehnten Integration ausmacht. 


Navigationssystem (200) nach Anspruch 1, das ferner mehrere GPS-Satelliten (206) umfaBt, wobei mehrere ent- 
sprechende Träger-Entfernungssignale (208, 209) der GPS-Satelliten (206) vom Empfänger (202) zusammengefaßt 
werden und eine Navigationslösung bilden. 


Navigationssystem (200) nach Anspruch 2, das ferner mehrere GPS-Satelliten (206) umfaßt, wobei mehrere ent- 
sprechende Träger-Entfernungssignale (208, 209) von den GPS-Satelliten (206) vom Empfänger (202) zusammen- 
gefaßt werden und eine Navigationslösung bilden. 


Navigationssystem (200) nach Anspruch 1, bei dem die zeitlich ausgedehnte Integration zur Rückgewinnung von 
Code-Phasen-Entfernungsinformationen angewendet wird, die im Träger-Entfernungssignal (208, 209) vom GPS- 
Satelliten (206) eingebettet sind. 


Navigationssystem (200) nach Anspruch 6, bei dem die Code-Phasen-Entfernungsinformationen von den mehreren 


GPS-Satelliten (206) zur Berechnung einer Position und einer Taktverschiebung des Benutzerempfängers (202) 
verwendet werden. 
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Navigationssystem (200) nach Anspruch 1, bei dem die erste und die zweite Messung den Benutzerempfänger 
(202) mit einer genauen relativen Zeitschätzung zwischen Referenzempfänger (210) und Benutzerempfänger (202) 
versehen. 


Navigationssystem (200) nach Anspruch 1, bei dem die Code-Phasen-Entfernungsinformationen den Benutzer- 
empfänger (202) mit einer Zeitschätzung versehen, die sowohl präzise hinsichtlich der Referenzempfängerzeit als 
auch genau hinsichtlich der GPS-Zeit ist. 


Navigationssystem (200) nach Anspruch 5, bei dem vom Benutzerempfänger (202) eine Änderung der Geometrie 
der mehreren LEO-Satelliten (222) und GPS-Satelliten (206) zur Abschätzung der Systemabweichungen verwendet 
wird. 


Navigationssystem (200) nach Anspruch 5, das ferner mehrere LEO-Satelliten (222) umfaßt, wobei der Benutzer- 
empfänger (202) zum getrennten Tracking abweichender Stellungs-Variablen in Verbindung mit den mehreren 
GPS-Satelliten (206), den mehreren LEO-Satelliten (222) und eines Taktgebers in Verbindung mit dem Benutzer- 
empfänger (202) die Orthogonalisierung anwendet. 

Navigationssystem (200) nach Anspruch 5, bei dem der Benutzerempfänger (202) stationär ist. 


Navigationssystem (200) nach Anspruch 7, bei dem der Benutzerempfänger (202) bei niederer Dynamik arbeitet. 


Navigationssystem (200) nach Anspruch 5, bei dem zur Subtraktion der Bewegung des Benutzerempfängers (202) 
ein Trägheitsnavigationssystem im Benutzerempfänger (202) verwendet ist. 


Navigationssystem (200) nach Anspruch 14, bei dem ein Satz Abweichungskorrekturen, die vom Trägheitsnaviga- 
tionssystem erzeugt werden, ausreichend ist, um eine Genauigkeit von weniger als einem kleinen Bruchteil einer 


Wellenlänge über ein Intervall der zeitlich ausgedehnten Integration zu erzeugen. 


Navigationssystem (200) nach Anspruch 5, bei dem der Benutzerempfänger (202) mobil ist. 


Revendications 


1. 


Systéme de navigation (200) comportant: 


un récepteur de référence (210); 

un récepteur utilisateur (202); 

un satellite de systeme mondial de positionnement (GPS) (206) communément visible par ledit récepteur de 
référence (210) et ledit récepteur utilisateur (202), dans lequel ledit récepteur de référence (210) et ledit récepteur 
utilisateur (202) regoivent un signal de mesure de portée de porteuse (208, 209) en provenance dudit satellite 
de systéme GPS (206), dans lequel ledit récepteur de référence (210) est configuré pour mesurer le signal de 
mesure de portée de porteuse (208, 209) en provenance dudit satellite de systeme GPS (206); 

un premier satellite à orbite basse (LEO) (222) communément visible par ledit récepteur de référence (210) et 
ledit récepteur utilisateur (202), dans lequel ledit récepteur de référence (210) et ledit récepteur utilisateur (202) 
sont configurés pour calculer des premiére et seconde mesures d'un signal de mesure de portée de porteuse 
à LEO recu par ledit premier satellite à LEO (222); 


caractérisé en ce que ledit récepteur utilisateur (202) est configuré pour recevoir, via ledit satellite à LEO (222), 
ladite première mesure dudit récepteur de référence (210) et pour appliquer lesdites première et seconde mesures 
en vue d'obtenir un décalage temporel entre les horloges utilisateur et de référence oü le décalage temporel est 
utilisé conjointement avec le signal de mesure de portée de porteuse de systéme GPS mesuré par le récepteur de 
référence (210) pour construire une estimation a priori d'une phase de signal dudit signal de mesure de portée de 
porteuse de systéme GPS (208) recu par ledit récepteur utilisateur (202), dans lequel ladite estimation a priori est 
utilisée en tant que base d'une intégration étendue dudit signal de mesure de portée de porteuse (208) au niveau 
dudit récepteur utilisateur (202). 


Systéme de navigation (200) selon la revendication 1, comportant en outre une pluralité de satellites à LEO (222), 
dans lequel un ou plusieurs satellites de ladite pluralité de satellites à ЕО (222) contribuent à ladite estimation a priori. 
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Systeme de navigation (200) selon la revendication 1, dans lequel ledit récepteur utilisateur (202) emploie des 
informations d'éphéméride pour déterminer ladite estimation a priori, dans laquelle ladite estimation a priori est une 
petite fraction de longueur d'onde sur l'intervalle d'intégration étendue. 


Systeme de navigation (200) selon la revendication 1, comportant en outre une pluralité de satellites de systeme 
GPS (206), dans lequel une pluralité de signaux de mesure de portée de porteuse respectifs (208, 209) en prove- 
nance desdits satellites de systeme GPS (206) est combinée par ledit récepteur (202) pour former une solution de 
navigation. 


Systeme de navigation (200) selon la revendication 2, comportant en outre une pluralité de satellites de systeme 
GPS (206), dans lequel une pluralité de signaux de mesure de portée de porteuse respectifs (208, 209) en prove- 
nance desdits satellites de systeme GPS (206) est combinée par ledit récepteur (202) pour former une solution de 
navigation. 


Systéme de navigation (200) selon la revendication 1, dans lequel ladite intégration étendue est utilisée pour récu- 
pérer des informations de portée de phase de code intégrées dans ledit signal de mesure de portée de porteuse 
(208, 209) dudit satellite de systeme GPS (206). 


Systéme de navigation (200) selon la revendication 6, dans lequel lesdites informations de portée de phase de 
code de ladite pluralité de satellites de systeme GPS (206) sont utilisées pour calculer une position et un décalage 
d'horloge dudit récepteur utilisateur (202). 


Systéme de navigation (200) selon la revendication 1, dans lequel lesdites premiére et seconde mesures délivrent 
audit récepteur utilisateur (202) une estimation temporelle relative précise entre ledit récepteur de référence (210) 
et ledit récepteur utilisateur (202). 


Systéme de navigation (200) selon la revendication 7, dans lequel lesdites informations de portée de phase de 
code délivrent audit récepteur utilisateur (202) une estimation temporelle qui est à la fois précise en regard dudit 
temps de récepteur de référence, et précise en regard du temps de systéme GPS. 


Systéme de navigation (200) selon la revendication 5, dans lequel un changement géométrique de ladite pluralité 
de satellites de systeme GPS (206) et à orbite LEO (222) est utilisé par ledit récepteur utilisateur (202) pour estimer 
les retards de systeme. 


Systéme de navigation (200) selon la revendication 5, comportant en outre une pluralité de satellites à LEO (222), 
dans lequel une orthogonalisation est employée par ledit récepteur utilisateur (202) pour mettre en oeuvre une 
partition de variables d'état de retard de suivi associées à ladite pluralité de satellites de systeme GPS (206), à 
ladite pluralité de satellites à LEO (222), et à une horloge associée audit récepteur utilisateur (202). 


Systéme de navigation (200) selon la revendication 5, dans lequel ledit récepteur utilisateur (202) est stationnaire. 


Systéme de navigation (200) selon la revendication 7, dans lequel ledit récepteur utilisateur (202) opére sous des 
dynamiques basses. 


Systéme de navigation (200) selon la revendication 5, dans lequel un systéme de navigation inertiel au sein dudit 
récepteur utilisateur (202) est utilisé pour soustraire le mouvement dudit récepteur utilisateur (202). 


Systéme de navigation (200) selon la revendication 14, dans lequel un ensemble de corrections de retards générées 
par ledit systéme de navigation inertiel est suffisant pour fournir de la précision à moins qu'une petite fraction d'une 


longueur d'onde sur un intervalle de ladite intégration étendue. 


Systéme de navigation (200) selon la revendication 5, dans lequel ladite station de référence (210) est mobile. 
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